Abstract
Introduction

45
On attaining sexual maturity, humans have substantial reproductive potential and populations are 46 capable of rapid expansion. This feature of the human life history may have contributed to the 47 6 behaviour. This allows maternal decisions to be evaluated in terms of their long-term fitness 117 consequences; crucially, decisions depend on the mother's state. 118
The aim is to identify the key determinants of the age-related increase in IBI given exposure to 119 mortality hazards from the mother's socioecological environment. Rather than generating 120 quantitative predictions for observed birth intervals, this model is intended to understand the 121 factors driving human life history variation. This is not explicitly a model of menopause, as it does 122 not include a third generation with which to explore grandmother effects. However in one set of 123 experiments we extend the possible reproductive span to the end of life in order to investigate 124 whether maternal mortality hazards and offspring effects can select for reproductive cessation. 125
Materials and Methods
126
The Model
127
The purpose of the model is to determine the optimal IBIs over the course of an individual female 128 life cycle. A woman can produce a child once every two or more years. However, there are 129 considerable risks associated with reproduction both for the mother and her existing family. First, 130 the mother is exposed to the risks associated with childbirth, which increase with age (Grimes, 1994 ; 131 Blanc et al., 2013) . Second, offspring spaced too closely encounter competition for maternal 132 provisions; for example, the youngest child must be weaned before the next is born. 133
For each existing child in the model, a newborn sibling diverts attention from the mother that would 134 otherwise be directed towards them. A newborn child can therefore bring an associated reduction in 135 survival for all siblings. Finally, even in the absence of a newborn child, existing siblings have a 136 detrimental effect on one another. The model examines the interaction of these parameters in 137 determining an optimal schedule of births for a female.
7
In order to determine the optimal birth decisions, the model can be characterised as a discrete-time 139
Markov Decision Process (MDP) and solved by stochastic dynamic programming. The MDP contains 140 the following elements: 141
The finite set of states is described by mother's age x and family structure C, discussed below. 142 ࣯ is the set of actions {reproduce, do not reproduce}. 143 ܲ ௨ ‫)ݔ(‬ is the mother's probability of surviving, given her age, x, and her birth decision, u. 144 ܳ ௨ ‫,ݔ(‬ , ′) calculates the survival probabilities of each of the children in family structure C, which 145 becomes family structure C' the following year, given their mother's age, x, and her birth decision, u. 146
This accounts for all combinations of child survival, including where all the children die, as well as the 147 effects of sibling competition and juvenile help. 148
is one half of the expected number of offspring that mature next year, given the 149 mother's age, x, her birth decision u and the effects of sibling competition or help on the maturing 150 child's survival as family structure C transitions to C' (Houston & McNamara, 1999) . C' is the family 151 structure corresponding to C with children ageing one year and newborns being present (or not) 152 according to birth decision u and the mortality risks for the mother and her children. This element is 153 half the total expected offspring since the model tracks only females. 154
State Variables
155
Females in the model make an annual decision (u) whether to give birth or not, depending on their 156 age and the structure of their existing family. The state variables are the mother's age and the age 157 and number of children in her existing family. A female is assumed to mature at 15 years. The model 158 tracks her birth decisions from sexual maturity until the age of 50. Twinning is excluded from the 159 model so she can only give birth to a single child and the minimum birth spacing is set at two years, 160 to allow a reasonable period of lactational amenorrhea while remaining computationally tractable. 1. x is the set of maternal ages between 15 years and 50 years. 168 2. C is the family structure (i.e. mother's offspring): a set of child ages between 1 year and 14 169 years for up to 7 children, including no offspring. There will always be a minimum spacing of 170 2 years between children. 171
State Transitions
172
The model considers all possible combinations of family in each year that can result in the case of 173 none, any or all children surviving. One of the strengths of state-dependent optimality modelling as a 174 methodology is its ability to account for a range of future states. The probability of each permutation 175 is calculated from mortality data that, in turn, depend on the structure of the family, the mother's 176 age and whether or not she gives birth. 177
Mortality
178
The mother's mortality rate is comprised of age-specific senescent and maternal components, and 179 an age-independent extrinsic term (equation (1)); child mortality is a decreasing exponential 180 function of age (equation (2)) (Siler, 1979) . In order to situate the model in a real-world context, we 181 parameterise the mortality model using cross-cultural data (see Supplementary Table S1 and Fig.  182 1a). 183
where: 184
Here, x is the mother's age; a2, a3 and b3 are population-specific mortality parameters; αbirth, βbirth 188 and γbirth are maternal mortality parameters. The two maternal mortality functions are discussed 189
below. 190
The sources of mortality are considered to be independent and can therefore simply be added 191
together to obtain total mortality. The annual probability of survival is exp{−ߤ adult ‫.})ݔ (‬ 192 According to how these parameters have been estimated in the published literature, the hunter- old child matures and becomes independent of the mother the following year. Mortality introduces 211 a stochastic element into the model, as there is a finite probability that the mother and any one (or 212 even all) the children may not survive to the following year. For example, for a 30 year old woman 213
with a 3 year old child who gives birth, there are 8 different states that need to be considered in the 214 following year (see Supplementary Table S3 for an example calculation). 215
Sibling Competition
weighting factor for each child that increases or decreases her mortality risk, depending on the ages 219 of her siblings. In the absence of quantitative models of human sibling competition in the literature, 220
we assume a linear, additive effect for four levels of competition: none, low, medium and high (Fig.  221   2a) . 222
A high weighting results in a large effect on mortality; conversely a low weighting results in a 223 negligible effect on mortality. For a child aged y with siblings in family structure C, the total mortality 224 rate for the child, ߤ child ‫,)ݕ(‬ is given by her intrinsic mortality, ߤ childintrinsic ‫,)ݕ(‬ modified by the sum 225 of these weightings: 226
where:
Here, a1, b1 are population-specific mortality parameters. The sum of weights due to family 228 structure, C, exclude the weight of the focal child age y. The child's annual probability of survival is 229
Juvenile Help
231
In some models we assume children over the age of 10 can have beneficial effects in the family by 232 decreasing their siblings' risk of dying. As for sibling competition, quantitative models of age-based 233 levels of help are absent from the literature. Thus, we model help as a linear, additive effect which 234 decreases the detrimental effect of the weighting described above for four different intensities of 235 help: none, low, medium and high (Fig. 2b) . 236
Juvenile help, as modelled here, has a weaker effect than sibling competition. In order to investigate 237 the extent to which this assumption affects our results, we also conducted a sensitivity analysis 238 where we varied the weightings of help relative to competition. 239
The Dynamic Programming Equation
240
For each birth decision (action u) taken by an adult female of a certain age (x) with family structure 241 (set of children) C, we calculate the number of offspring in the following year from: 242 1. The adult female's probability of surviving to the next year. 243 2. For each possible family structure next year, the probability the mother is in the new state 244 (age and family structure), given her survival and the survival of her offspring. 245 3. For each possible family structure next year, the probability that a new child is born and 246
survives. 247
The decision of whether or not to give birth is taken in view of the risk of childbirth and the burden 248 of having a dependent child the following year, if it survives. Children that are 15 years old are 249 considered independent of the mother and, assuming female demographic dominance, only adult 250 females are included in the calculations (Charlesworth, 1994) . 251
Given the mother's age and present family structure, the optimal birth strategy is determined by the 252 fitness of the strategy, i.e. maximising the maximum eigenvalue of the projection matrix (Houston & 253 12 future by a female in state ‫,ݔ(‬ ). Initially ݂ ‫,ݔ(‬ ) = 1 for all ages x and family structures C except 255 ݂ ‫ݔ(‬ dead , ∅) = 0 (i.e. there are no fitness benefits to dying without children). From ݂ , we can 256 calculate ݂ ଵ , ݂ ଶ , etc. from the dynamic programming equation: 257
where: 258
i)
The census time is prior to the reproductive decision, therefore 15 year olds have only just 259 matured. 260
ii) The probability of a 14 year old surviving to become mature in the next year is not affected 261 by her mother's survival. However, the maturing child's survival can depend on the 262 presence of siblings, including babies born under birth decision u given the mother's age 263 and current family structure, C. 264 iii) Mature males are assumed to have the same reproductive value as females and an even 265 sex ratio is assumed. 266
iv) The minimum IBI is two years but in the event of a newborn not surviving to the next time 267 interval, the focal female can reproduce again. 268
The growth rate of a population following the optimal strategy is given by the ratio ߣ ௧ାଵ = 269
1991). The iteration process was judged to 270
have converged on an optimal strategy when ߣ ௧ାଵ ≅ ߣ ௧ , to seven decimal places. 271
The Simulated Population
272
The optimal IBI is determined as a function of all possible states. Stochasticity is inherent in the 273 model as there can be a number of states in the next time interval with a calculated probability 274 depending on the probability of survival of children and mother. The population is simulated by 275 modelling population growth forward in time using the state-dependent optimal strategy. The 276 13 annual population growth rate at the stable age distribution has the same value as the relative 277 fitness determined in the dynamic optimisation procedure outlined above. 278
In the results that follow, the population is described in terms of the average 
Probabilistic Age at First Birth
288
In order to involve fewer degrees of freedom, the model fixes the age of first birth at 15 years and 289 does not impose menopause. Although this paper is concerned with reproductive schedules 290 throughout the lifespan rather than the initial decision to reproduce, we ran a set of experiments 291 where age at first birth was probabilistic. Females were still assumed to mature at age 15 but gave 292 birth for the first time with a probability calculated from the function ‫=ݕ‬ 0.25 + ‫,ݔ51.0‬ where x 293 is the age between 15 and 20. Thus, newly mature females have a probability = 0.25 of giving birth at 294 age 15, linearly increasing such that first birth is guaranteed by age 20. 295
The code is freely available; see Supplementary Information for download instructions. 296
Results
297
IBIs increase from first reproduction until age 30 in the Ache, Sweden and Taiwan populations (Fig.  298 3; red, green and blue lines, respectively), after which they remain relatively constant until the end 299 of the reproductive span at age 50. Birth intervals in the Tsimane and Gambian populations ( Fig. 3 ; 300 14 purple and yellow lines) decrease slightly from the age of 20 and again remain constant until aged 301 50. Fig. 3 shows these effects for the cases where there is no risk of dying in childbirth, averaged 302 across all sibling effects (competition and juvenile help). The average IBI hovers in the range 2.05-303 2.72 years across populations. 304
Sibling competition and juvenile help 305 Length of the optimal IBI is sensitive to how severely children compete for maternal resources as 306 well as to mortality risks in the population (Fig. 4) . In the Taiwanese population, for example, 307 increasing the intensity of sibling competition from 'none' to 'high' causes the median IBI to increase 308 by 1.24 years. When there are higher levels of environmental mortality, such as in the Gambian and 309
Tsimane populations, birth intervals are less affected by the level of sibling competition. In 'easier' 310 environments, such as Sweden, birth intervals increase with the intensity of sibling competition. 311
Juvenile help, on the other hand, has a small effect on birth spacing, which only becomes apparent 312 after the age of 30 (Fig. 5 and Supplementary Fig. S3 ). The highest level of help decreases the IBI only 313 by a maximum of 0.15 years (in the Taiwan population with 'medium' sibling competition). 314
Supplementary Table S5 shows the extent to which sibling competition and juvenile help can extend 315 or contract birth intervals. In order to understand the effect that our assumption of weaker levels of 316 help compared to competition, we varied the strength of juvenile help. Even when help has the 317 same, but opposite, weighting as sibling competition, IBIs are not strongly affected except when help 318 is 'high' intensity but competition is 'low' or absent (Supplementary Fig. S4 ). 319
In order to tease apart the independent effects of infant and senescent mortality, we ran the model 320 holding each of these two factors constant in turn. When children were not exposed to any mortality 321 hazards --but the rate of senescent and extrinsic mortality could vary across all populations --birth 322 intervals remained at the minimum of 2 years, regardless of the levels of sibling competition or 323 juvenile help (results not shown but follow the same pattern as the red lines in Fig. 4 ). This is 324 unsurprising, since sibling effects cannot occur when there is no infant mortality. 325 Gambia (yellow), Sweden (green), Taiwan (blue), Tsimane (purple). Infant, adult and extrinsic 544 mortality vary according to the population parameters (see Table S1 ). Here, maternal mortality was 545 set to 'none', meaning the focal female did not face any increase in mortality due to giving birth. Here, each population experiences mortality according to the parameters in Table S1 . Each panel 551
shows IBI for the four intensities of sibling competition: none (red); low (yellow); medium (blue); 552 high (purple). 553 help (see Fig. 2b) . Supplementary Fig. S3 shows the effects of juvenile help across all modelled 557 populations and Supplementary Fig. S4 illustrates a sensitivity analysis on our juvenile help 558 assumptions. 559
